Vikstrom KL, Vaidyanathan R, Levinsohn S, O'Connell RP, Qian Y, Crye M, Mills JH, Anumonwo JM. SAP97 regulates Kir2.3 channels by multiple mechanisms. We examined the impact of coexpressing the inwardly rectifying potassium channel, Kir2.3, with the scaffolding protein, synapse-associated protein (SAP) 97, and determined that coexpression of these proteins caused an approximately twofold increase in current density. A combination of techniques was used to determine if the SAP97-induced increase in Kir2.3 whole cell currents resulted from changes in the number of channels in the cell membrane, unitary channel conductance, or channel open probability. In the absence of SAP97, Kir2.3 was found predominantly in a cytoplasmic, vesicular compartment with relatively little Kir2.3 localized to the plasma membrane. The introduction of SAP97 caused a redistribution of Kir2.3, leading to prominent colocalization of Kir2.3 and SAP97 and a modest increase in cell surface Kir2.3. The median Kir2.3 single channel conductance in the absence of SAP97 was ϳ13 pS, whereas coexpression of SAP97 led to a wide distribution of channel events with three distinct peaks centered at 16, 29, and 42 pS. These changes occurred without altering channel open probability, current rectification properties, or pH sensitivity. Thus association of Kir2.3 with SAP97 in HEK293 cells increased channel cell surface expression and unitary channel conductance. However, changes in single channel conductance play the major role in determining whole cell currents in this model system. We further suggest that the SAP97 effect results from SAP97 binding to the Kir2.3 COOH-terminal domain and altering channel conformation. inward rectifier; postsynaptic density protein domain; channelosome; membrane cytoskeleton
IN THE HEART, the inwardly rectifying potassium current, I K1 , is responsible for stabilizing the resting membrane potential, determining excitation threshold, and for initiating the final repolarization process of the cardiac action potential (18) . Three isoforms, Kir2.1, Kir2.2, and Kir2.3, can contribute to I K1 in the myocardium. Despite a high degree of amino acid identity, each isoform retains distinct regulatory and biophysical properties (4, 35) . It has been shown that, in canine, sheep, and human myocardium, the Kir2.3 isoform is a predominant component of the atrial inward rectification mechanism and also contributes to ventricular I K1 (4, 20, 37) . Moreover, although Kir2.1 is found primarily at the T tubules in canine ventricular cardiomyocytes, Kir2.3 preferentially localizes to the intercalated disc (20) . Consequently, the response of Kir2.x channels to stimuli such as changes in extracellular potassium or pH in each cellular microdomain may differ because of the distinct biophysical and regulatory properties of Kir2.1 and Kir2. 3 .
In a native cell environment, ion channel proteins are often found in specific membranous domains as macromolecular complexes with scaffolding proteins. Members of the Kir2 subfamily (Kir2.1, Kir2.2, and Kir2.3; Kir2.x) have a COOHterminal motif that enables interaction with PDZ domaincontaining proteins (Fig. 1A) . PDZ stands for PSD95 (postsynaptic density protein), discs-large (the Drosophila septate junction protein), and zona occludens-1 (the epithelial tight junction protein) (2) . The subfamily of PDZ proteins called the membrane-associated guanylate kinase homologs (MAGUK) has been suggested to play important roles in regulating ion channels (19, 32) , and synapse-associated protein 97 (SAP97; Fig. 1B ), a cardiac MAGUK protein, has been shown to bind the COOH-terminal domain of Kir2.x (14, 15) . However, for the most part, the mechanism(s) by which SAP97 might impact Kir2.3 channels is unknown.
Association of MAGUK proteins with ion channels has been demonstrated to alter ion channel trafficking within the cell (8, 9, 17) , and it has been suggested that binding to these proteins is important for anchoring the Kir2.x channels at the plasma membrane (15) . The cellular localization of MAGUK proteins also varies, and ion channel-MAGUK protein interactions may be an important mechanism for determining the subcellular distribution of ion channels (22, 26) . SAP97 is highly concentrated in the intercalated disc region of cardiac myocytes, although it is also found at the T tubules (16, 22) , suggesting that it could play a role in Kir2.3 channel localization either by itself or in conjunction with additional scaffolding proteins.
The biophysical properties of ion channels also may change when bound to MAGUK proteins (24) . Coexpression of Kir2. 3 with Veli (Lin7) increased macroscopic current activity, and it was suggested that this resulted from decreased channel endocytosis (26) . In contrast, whole cell currents were inhibited, and the unitary conductance was decreased when Kir2.3 channels were coexpressed with PSD95, another MAGUK protein (24) . However, despite evidence that Kir2.3 and SAP97 colocalize in cardiac myocytes and bind to each other in vitro, it is not known if the interaction of Kir2.3 and SAP97 alters the properties of these channels. In this study, we examined the impact of coexpressing Kir2.3 with the scaffolding protein SAP97 and demonstrated that coexpression of these two proteins results in a twofold increase in whole cell currents. Further investigation determined that this increase in whole cell current was the result of modestly increased cell surface expression of Kir2.3 and a robust increase in unitary conductance.
MATERIALS AND METHODS
Cell culture and transfection. Human embryonic kidney (HEK293) cells were obtained from the American Type Tissue Collection (Ma-nassas, VA). HEK293 cells stably expressing guinea pig Kir2.3 were cultured as described previously (21) . Cells were transiently transfected using Effectene (Qiagen, Hilden, Germany) following the manufacturer's protocols.
Plasmids. A plasmid encoding a myc-tagged rat SAP97 was provided by Dr. Morgan Shen. SAP97-IRES-EGFP was provided by Dr. Nathalie Neyroud. PCR-based mutagenesis (Strategene Quick-changeII) was used to introduce an influenza hemagglutinin antigen (HA) epitope tag (YPYDVPYA) at codon 88 in guinea pig Kir2.3 (forward primer, 5Ј-cacggtgacctggagTACCCCTACGACGTGCCCG-ACTACGCCgccagcgcggcggtg-3Ј; reverse primer, 5Ј-caccgccgcgctggcggcgtagtcgggcacgtcgtaggggtactccaggtcaccgtg-3Ј) or to delete the three COOH-terminal codons (⌬SAI) in guinea pig Kir2.3 (forward primer, 5Ј-CTACCGCAGGGAATGAGCCATCTGA-3Ј; reverse primer, 5Ј-TCAGATGGCTCATTCCCTGCGGTAG-3Ј).
Antibodies. Rabbit anti-Kir 2.3 polyclonal antibody was obtained from Alomone Labs (Jerusalem, Israel). Phycoerythrin (PE)-conjugated mouse anti-HA, and PE-conjugated isotype control were from Miltenyi Biotec. Monoclonal antibodies, obtained from the Developmental Studies Hybridoma Bank under the auspices of the National Institute of Child Health and Human Development, included: antihuman c-myc, 9E10, developed by J. Michael Bishop; anti-RhoB, 56.4H7, developed by Thomas Jessel; and anti-LAMP1, H4A3, developed by J. Thomas August and James E. K. Hidreth. The monoclonal anti-58K Golgi protein antibody was from Abcam (Cambridge, MA). Normal donkey serum and all secondary antibodies were from Jackson ImmunoResearch Laboratories. 4,6-Diamidino-2-phenylindole, dihydrochloride (DAPI) was from Invitrogen (Carlsbad, CA).
Immunocytochemistry. Cells were fixed with 4% formaldehyde/ PBS for 5 min, permeabilized with 0.1% Triton X/PBS (2 min), and then incubated with blocking buffer (10% normal donkey serum-0.05% Tween 20-PBS) for 1 h at room temperature. Preparations were sequentially incubated in primary antibody diluted in blocking buffer, washed with 0.05% Tween/PBS and then incubated with secondary antibodies. Cover slips were washed as above, briefly incubated with 300 nmol/l DAPI, and then mounted with gelvatol containing 0.2 mg/ml 1,4-diazobicyclo[2.2.2]octane. Images were obtained on a Zeiss Axioplan 2e imaging microscope using widefield fluorescent microscopy or optical sectioning with structured illumination (Apotome) (38) .
Western blot. Cells were washed with PBS, lysed in buffer (20 mmol/l Tris ⅐ HCl, 250 mmol/l NaCl, 3 mmol/l EDTA, pH 7.4, 1% Triton X-100, and 1% protease inhibitor mixture), and sonicated. Protein concentrations were determined using a modified Lowry assay (Bio-Rad). Cell lysates were separated on 7.5% SDS-PAGE gels and transferred to nitrocellulose. Nonspecific protein binding was blocked by incubation with 10% nonfat dry milk in PBS, and the blots were incubated with 0.5 g/ml rabbit anti-Kir2.3 antibody (Alomone Laboratories) diluted in 5% BSA-0.025% NaN 3-PBS. Following washing in PBS-0.05% Tween 20, the membranes were incubated with peroxidase-conjugated goat anti-rabbit antibody. Antigen complexes were visualized using enhanced chemiluminescence (Pierce).
Flow cytometry. Cultures were washed with PBS, and cells were lifted from the dish using cold enzyme-free cell dissociation buffer (GIBCO-Invitrogen). Following washing with PBS (addition of 3 ml PBS followed by centrifugation at 500 g for 3 min), 1 ϫ 10 6 cells were incubated on ice in blocking solution (5% IgG-free BSA) for 15 min. PE-conjugated anti-HA antibody, PE-congugated mouse IgG 1, or buffer was added at the manufacturer's recommended concentrations. Cells were incubated on ice for 30 min, and then preparations were washed two times with PBS. Following the final wash, cell pellets were resuspended in 2% formaldehyde in PBS and analyzed (Ͼ10,000 events) with BD LSRII or FACSCalibur flow cytometers.
Immunoprecipitation. Immunoprecipitation of sheep atrial membrane proteins was performed essentially as described (16) . Purified mouse anti-SAP-97 antibody or mouse anti-myc (1 g each) were used for immunoprecipitations using 400 mg of sheep atrial membrane proteins. Protein-antibody complexes were recovered using recombinant protein A/G-Sepharose (Pierce) and subjected to Western blot analysis as described above.
Electrophysiolgy. Whole cell and single channel recordings were obtained as previously described (4) . In the HEK293 cells stably expressing Kir2.3, transient expression of SAP97 was identified by the green fluorescent protein (SAP97-IRES-GFP). When Kir2.3 and SAP97 were transiently coexpressed, they were identified, respectively, by GFP and DsRED in the IRES vectors. Whole cell recordings were carried out at 35°C, and single channel recordings were carried out at room temperature (21-22°C). Pipette resistance was 1.5-2.5 M⍀ for whole cell recordings and 8 -12 M⍀ for single-channel recordings. Data acquisition and analysis were carried out using the Axopatch 200B amplifier and the pCLAMP version 9 suite of programs (Axon Instruments, Union City, CA). To study whole cell Kir2.3 currents, voltage-clamp ramps (ramp rate ϭ 25 mV/s) were applied from a test potential of Ϫ100 to 0 mV. Membrane potential was corrected for liquid-junction potential as previously described (4), and current-voltage plots were generated to reflect the command potential from the clamp amplifier (4). Currents were analyzed as BaCl 2 (1 mmol/l)-sensitive currents to eliminate potential contamination by endogenous currents in HEK293 cells.
The degree of rectification for the Kir2.3 current was estimated as the relative chord conductance (G c) in accordance with previous studies (4, 34) . Gc was calculated as the ratio of the actual current and Fig. 1 . Synapse-associated protein (SAP) 97 and inwardly rectifying potassium channel (Kir) 2.3 coimmunoprecipitate from sheep atrial membranes. A: the PDZ binding domain of Kir2.3, residue SAI, is found at the extreme COOH-terminal end of the polypeptide. B: SAP97 is a member of the membrane-associated guanylate kinase homolog (MAGUK) family of scaffolding proteins and contains multiple protein-protein interaction domains such as L27, PDZ, and src homology 3 (SH3). GUK, guanylate kinase. C: sheep atrial membrane preparations were incubated with antibody (monoclonal anti-SAP97 or anti-myc as a control), antibody-protein complexes were isolated using protein G-Sepharose, and the resulting preparations were subjected to Western blot analysis with the anti-Kir2.3 antibody. current predicted by assuming a linear unblocked current. The Gc vs. voltage relationship was fitted by the sum of two Boltzmann equations described by:
where V is the membrane potential, V1,2 are parameters representing the voltage at midpoint of rectification for the two components, and the sum of their respective amplitudes A 1 and A2 are normalized to 1.0, i.e., A1 ϩ A2 ϭ 1.0. represents the slope factor and is equal to zF/RT, where z stands for the effective valency or steepness of rectification, F is Faraday constant, R is the gas constant, and T is the absolute temperature. We have previously demonstrated that the steepness of rectification is relatively shallow in Kir2.3 channels compared with the Kir2.1 isoform and that the effective valency can be described by two components (z 1, z2) with relatively different extents of steepness (4) . Single channel currents were recorded in the cell-attached configuration as previously published (4) . Events were measured from and to baseline. To construct event (conductance) histograms, an approximately equal number of events were taken from each patch, thus ensuring that events from a particular patch do not skew the overall distribution of unitary events. Single channel traces (durations of 15-20 s) were used for estimating channel open probability (P o), using the equation:
is the number of unitary current levels displayed, t is the time at each current level, T is the total recording time, and N is the total number of current levels.
Solutions. Bath solution for whole cell recordings contained (in mmol/l) 140 NaCl, 5.4 KCl, 1.8 CaCl 2, 0.33 NaH2PO4, and 5.0 HEPES; pH 7.4 (NaOH). The pipette filling solution for whole cell recordings contained (in mmol/l) 20 KCl, 90 potassium aspartate, 10 KH 2PO4, 5.0 EDTA, 1.9 K2ATP, 5.0 HEPES, and 7.9 Mg 2ϩ ; pH 7.2 (KOH). With the above concentration of EDTA, Mg 2ϩ concentration is expected to be 1.1 mmol/l. The bath solution for cell-attached recordings contained (in mmol/l) 140 KCl, 1.8 CaCl 2, 5 HEPES, and 0.33 NaH2PO4; pH 7.4 (KOH). The pipette solution for cell-attached recordings contained (in mmol/l) 140 KCl, 1 CaCl2, and 5 HEPES; pH 7.4 (KOH). For experiments involving acidification, the pH of the extracellular solution (pH ϭ 6) was adjusted using 2-(N-morpholino) ethanesulfonic acid buffer (5 mM) as previously described (27) .
Statistical analysis. Differences between groups were compared with the Student's t-test, z-test or one-way ANOVA as appropriate. Differences were considered to be statistically significant when P Ͻ 0.05. Data are expressed as means Ϯ SE.
RESULTS

Kir2.3 and SAP97 interact in sheep atrial myocardium. Both
Kir2.3 and SAP97 preferentially localize to the intercalated disc in atrial myocardium (16, 20, 22) , and the COOH terminus of Kir2.3 binds to SAP97 in vitro (14, 16) . To test whether these proteins physically interact in atrial tissue (directly or indirectly), we purified membrane proteins from sheep atria, immunoprecipitated SAP97 from this membrane preparation, and then determined if Kir2.3 copurified with SAP97. As shown in Fig. 1C , Kir2.3 copurified with SAP97, but the channel was absent when an irrelevant antibody (anti-myc tag) was used for the immunoprecipitation.
Kir2.3 whole cell currents increase in SAP97-expressing cells. We next examined whole cell Kir2.3 currents following coexpression with SAP97 to determine the biophysical and regulatory consequences of their interaction. Whole cell Kir2. SAP97 interacts with Kir2.x by binding to a COOH-terminal motif (SE/AI) on the channel protein (14, 15) . To test if SAP97's impact on Kir2.3 current required the COOH-terminal PDZ binding motif, we transiently transfected wild-type Kir2.3 and Kir2.3⌬SAI channels in HEK. As shown in Fig. 3A , mutant (Kir2.3⌬SAI) channels exhibited properties similar to wild-type channels. Similar to the results in Fig. 2 , SAP97 increased Kir2.3 whole cell currents in cells expressing wildtype channels (Fig. 2B ), but not Kir2.3⌬SAI channels (Fig.  2C) . Moreover, neither SAP97 nor GFP induced any currents in HEK cells when expressed alone (Fig. 3D ). To rule out the possibility of SAP97-induced current transients, these experiments were performed using voltage-clamp steps. The histograms in Fig. 3E summarize SAP97 effects on peak inward and peak outward current density in the experiments shown in Fig.  3 , B-D.
The SAP97-induced increase in Kir2.3 whole cell currents could have resulted from changes in one or more of the following factors: number of functional channels in the cell membrane (N), unitary channel conductance (␥), and channel P o . Each of these factors has been examined in turn to determine which mechanism(s) is responsible for the increased whole cell current in the SAP97-expressing cells.
Kir2.3 is localized primarily in a vesicular compartment in the absence of SAP97. The work of others has demonstrated that binding to scaffolding proteins of the MAGUK family, such as SAP97, may alter the subcellular targeting of the ion channel proteins (13, 26, 36) . Thus, coexpression of SAP97 could lead to more efficient targeting of Kir2.3 to the cell membrane or stabilization of Kir2.3 channels at the membrane with a resulting increase in the number of functional Kir2.3 channels. As a first step to address this, we used immunocytochemistry to determine the subcellular localization of Kir2.3 protein in the absence of SAP97. Although Kir2.3 channel protein could be detected at the cell periphery and regions of cell-cell contact, most channel protein in the Kir2.3 stable cell line was found throughout the cytoplasm in a punctate pattern that was reminiscent of vesicular staining (Fig. 4) . These results demonstrate that, although Kir2.3 protein stably expressed in HEK293 cells is able to traffic correctly to the cell membrane (Fig. 2) , at steady state most of the Kir2.3 protein is not at the cell surface. Using markers for early endosomes (early endosome antigen 1, EEA1), late/recyling endosomes (RhoB), and lysosomes (LAMP1), we have determined that in our model system Kir2.3 can be found in all three vesicular compartments (Fig. 4) . In contrast, when SAP97 was intro-duced into the Kir2.3 stable cells, there was a dramatic redistribution of the Kir2.3 protein, leading to an almost complete loss of the punctate localization pattern and a prominent colocalization of the Kir2.3 and SAP97 proteins (Fig. 5 ). In some cells coexpressing SAP97, Kir2.3 expression at the cell periphery was increased. However, the targeting of SAP-97 and Kir2.3 to the plasma membrane was inefficient in this model system, with the vast majority of both proteins remaining distributed throughout the cytoplasm. Although partial overlap was seen with markers for Golgi and endoplasmic reticulum (data not shown), it did not appear that the Kir2.3 protein was localized to a cytoplasmic membranous compart-ment when coexpressed with SAP97 in HEK293 cells. The pattern most likely reflects endoplasmic reticulum localization and is consistent with the localization of SAP97 that has been described in neurons (31) .
Coexpression of SAP97 increases the cell surface expression of Kir2.3 channels. To determine if increased SAP97 expression altered cell surface abundance of Kir2.3, we used flow cytometry to analyze cell surface expression of HA-tagged Kir2.3 in HEK293 cells with or without cotransfection of SAP97. As shown in Fig. 6 , coexpression of Kir2.3 and SAP97 results in a rightward shift in the fluorescence intensity, indicating a modest increase in cell surface expression of the channel protein. As expected, the SAP97-induced increase in Kir2.3 cell surface expression was attenuated when the COOHterminal SAI-motif was deleted ( Fig. 6) .
SAP97 increases the unitary conductance of Kir2.3 channels. To determine if coexpression of SAP97 also altered the unitary conductance of Kir2.3 channels, we examined the single channel current properties of Kir2.3 channels coexpressed with SAP97. Figure 7A shows representative traces of cell-attached single channel events in patches from control cells (top) and in two different patches from cells in which Kir2.3 is coexpressed with SAP97 (traces in middle and bottom). The traces in Fig. 7A , middle, from SAP97-expressing cells show unitary conductance values of ϳ30 pS, whereas the trace in Fig. 7A , bottom, shows two distinct current levels, suggesting that SAP97's effect on Kir2.3 channels is dynamic rather than static. Figure 7B shows unitary events in a patch from a cell expressing truncated Kir2.3 channel (top), and in two different patches from cells coexpressing the truncated channel and SAP97. Average unitary conductance of the truncated Kir2.3 channel was 16 Ϯ 0.4 pS (n ϭ 117), and was not significantly changed when coexpressed with SAP97 [18 Ϯ 0.6 pS (n ϭ 25)], suggesting that the deleted residues were important for the SAP97-induced effect on the channel. The large unitary conductance induced by coexpression of wild-type channel and SAP97 had voltage-dependent rectification properties typical of inward-rectifier channels (Fig. 7C) . Figure 7D is a histogram for single channel events in the absence [no. of patches (N) ϭ 6, number of events (n) ϭ 326] and in the presence of SAP97 (N ϭ 5, n ϭ 371) . In contrast to the single peak centered at 13 pS in the absence of SAP97, coexpression of SAP97 leads to a wide distribution of channel events from ϳ14 to ϳ50 pS, with three distinct peaks centered at 16, 29, and 42 pS. In another set of analyses, we examined whether SAP97 altered the P o of Kir2.3 channels. In control traces, each of ϳ15-20 s duration, the mean P o value of 0.67 Ϯ 0.10 (n ϭ 3) is similar to previously reported values for this channel (40) . In the presence of SAP97, measurements in four 20-s traces without burst activity gave mean P o values of 0.88 Ϯ 0.03 (n ϭ 4). Thus the SAP97-induced increase in Kir2.3 current did not significantly alter channel P o .
DISCUSSION
The inwardly rectifying potassium channels, Kir2.1, Kir2.2, and Kir2.3, have a COOH-terminal PDZ domain binding motif (15) , and numerous studies have shown that ion channel properties can be modulated by interactions with PDZ-containing MAGUK proteins (7, 22, 24, 26, 36) . However, there are relatively few studies on the functional impact of Kir2.x channel association with these proteins. In this study, we have examined the impact of coexpressing Kir2.3 and SAP97, both of which are found in cardiac myocytes. We have demonstrated that the association of Kir2.3 with SAP97 in HEK293 cells results in increased whole cell current due to modestly increased cell surface expression of the channel and robustly increased unitary conductance.
Localization of ion channels to specific membrane domains. Macromolecular complexes containing a different combination of ion channel/PDZ domain proteins have the potential to recruit or retain ion channels in specific cellular microenvironments. Kir2.3 localizes to the basolateral membrane in MDCK cells, a polarized epithelial cell line (13, 26) , and the COOHterminal PDZ-binding motif is required for this basolateral localization (26) . Kir2.2 also localizes to the basolateral membrane in MDCK cells, and removal of its COOH-terminal PDZ-binding domain or coexpression of a dominant-negative PDZ domain protein are both sufficient to perturb basolateral localization (15) . We have demonstrated that Kir2.3 and SAP97 interact in sheep atrial myocardium and that the coexpression of these two proteins in HEK293 cells alters the cellular distribution of Kir2.3 and increased cell surface expression of Kir2.3. Evidence from other potassium channels suggests that coexpression of SAP97 may help to stabilize ion channels at the cell surface, possibly by tethering the channel to the membrane cytoskeleton. When Kir4.1 was coexpressed with PSD95 or SAP97, whole cell currents increased two-to threefold without changes in either unitary conductance or channel P o , suggesting an increase in the number of functional channels in the membrane (7) . Similar results were also reported for a voltage-gated potassium channel (Kv1.5) (22) . For Kir2.x channels, direct association of the channels with the cortical cytoskeleton also has an impact on the number of functional channels in the membrane. Association of Kir2.1 with the actin-binding protein filamin increases whole cell current without changing P o or unitary conductance (30) . In addition, forcing Kir2.1 interaction with the cortical cytoskeleton through the introduction of a heterologous protein 14-3-3 binding domain is sufficient to increase cell surface expression (33) .
In total, these data suggest that tethering of Kir2.x channels to the membrane cytoskeleton, either through direct binding to cytoskeletal proteins or indirectly through interactions with PDZ domain proteins, may represent an important mechanism for regulating channel number and location. However, in the HEK293 cell expression system used in this study, increased Kir2.3 cell surface expression in the presence of SAP97 does not appear to be the major mechanism underlying the increased current in Kir2.3 cells coexpressing SAP97. We suggest that this may be due to the relatively inefficient targeting of SAP97 itself to the cell surface in HEK293 cells compared with that seen in polarized epithelial cells or cardiac myocytes in situ. Coexpression of additional MAGUK proteins, such as CASK-1, may be required for efficient cell surface localization of SAP97 in HEK293 cells (12) .
Physical interactions at the COOH terminus may regulate channel properties. In general, members of the Kir family are composed of four subunits, and each subunit has two transmembrane domains (M1 and M2), cytoplasmic NH 2 and COOH termini, and a pore-forming structure between M1 and M2 (11) . A very significant portion (ϳ70%) of the channel protein forms a cytoplasmic pore important for intracellular channel regulation and rectification (35) . The structure of the cytoplasmic NH 2 -and COOH-terminal domains of murine Kir2.1 was recently described and placed on the KirBac1.1 structure (27) . This structure demonstrated that the extreme COOH terminus of Kir2.1 (last 57 residues), which contains the PDZ binding motif, is disordered and protrudes from the rest of the cytoplasmic aspect of the channel. Moreover, it was suggested that binding to cytoplasmic factors may stabilize this extreme COOH-terminal domain (27) . The high degree of amino acid homology between Kir2.1 and Kir2.3 (78% homology overall, 82% over the entire COOH-terminal domain) suggests that the extreme COOH terminus of Kir2.3 might also protrude from the rest of the cytoplasmic domain.
Results from our electrophysiological experiments show that whole cell and unitary properties of Kir2.3 were modified by SAP97 and that the effect on whole cell current was blunted when the PDZ-binding motif on the channel was removed. Thus, consistent with an increase in macroscopic Kir2.3 current, the microscopic conductance increased in the presence of SAP97, with relatively little effect on channel P o . Although Kir2.3 channels exhibited "burst" opening in the presence of SAP97, a mode unusual for wild-type Kir2 channels (35, 40) , the rectification properties of Kir2.3 current and pH sensitivity were not changed by SAP97 (Fig. 2, C and D) . In addition, no endogenous currents were activated when HEK293 cells were transfected with SAP97 ( Fig. 3) . We have demonstrated that coexpression of SAP97 and Kir2.3 in HEK293 cells increases the unitary conductance of the channel. In contrast, coexpression of PSD95, another PSD domain protein, with Kir2.3 channels decreased unitary conductance (24) . This suggests that tethering the Kir2.3 COOH-terminal domain through binding to MAGUK proteins can alter ion flux through the channel pore but whether conductance increases or decreases may depend on the protein bound. Although PSD95 and SAP97 have highly conserved primary sequence, they form distinctly different structures in solution. Although PSD95 forms a horseshoe-shaped monomer with dimensions of ϳ100 ϫ 60 Å , SAP97 is preferentially found in an extended conformation that can oligomerize via its NH 2 -terminal L27 domain (23) . There is ample evidence that the geometry of an ion channel vestibule and charge density can influence ion permeation (conductance and selectivity) through the channel pore (3, 6, 10) , and it is tempting to speculate that the SAP97 effect that we report results from SAP97 binding to the Kir2.3 COOH terminus and altering channel conformation. Thus binding of PSD95 to the extreme COOH terminus of Kir2.3 may be sufficient to impede the flux of K ϩ out of the cytoplasmic vestibule. On the other hand, we predict that binding of the elongated SAP97 to the channel would be less likely to restrict the flow of ions from the cytoplasmic pore and may stabilize in a more "open" configuration either the cytoplasmic vestibule or the girdle formed by the G-loops. Future studies can be designed to test this prediction. Taken together, results from our experiments would suggest that there are multiple levels for the regulation of Kir2.x channels, in addition to the distinct properties of the individual isoforms (i.e., pH sensitivity and rectification). All of these mechanisms may exist to determine how the classical inward-rectifier channel current responds to changes in the cellular environment in normal and pathophysiological conditions.
Physiological significance. The role of I K1 in maintaining the resting membrane potential, determining excitation threshold, and initiating the final repolarization process of the cardiac action potential has suggested that perturbations altering this current could be arrhythmogenic. In fact, increased I K1 in a transgenic mouse model leads to very stable episodes of ventricular fibrillation (25) , and gain of function mutations in Kir2.1 have been identified for short QT syndrome 3 (28) and familial atrial fibrillation (39) . Potentially, any modification that sufficiently increases (or decreases) I K1 also could be arrhythmogenic. Modification of Kir2.x channel-scaffolding protein interactions may modulate channel retention time in the membrane, or directly modify one or more biophysical properties of the channel such as its conductance. We speculate that these modifications may occur dynamically under conditions that lead to protein kinase A activation (16) or chronically during the ionic remodeling that occurs during heart failure (29) or chronic atrial fibrillation (5) . It is noteworthy that SAP97 has been suggested to similarly modulate another potassium channel (Kv1.5) in cardiac myocytes (1) . These observations clearly justify the need to better understand how individual components of the Kir2.x macromolecular complex contribute to ion channel function.
Limitations of the study. We have used an HEK293 cell expression system to examine the functional impact of the association of Kir2.3 with SAP97. The absence of any significant expression of endogenous inwardly rectifying currents and the relatively low levels of endogenous SAP97 render these cells a useful heterologous expression system into which specific combinations of channel and scaffolding protein can be introduced. In the HEK293 cell system, the proteins of interest are expressed at extremely high levels (see Ref. 21 and Fig. 8 ), resulting in a highly skewed stoichiometry between the Fig. 8 . Total amount of SAP98 in SAP97-transfected HEK cells was compared with the endogenous SAP97 levels in this cell line using Western blot analysis, with sheep atrial homogenate serving as a positive control. In all samples, the anti-SAP97 antibody detected a single band of the appropriate size. As expected, SAP97-transfected HEK cells expressed substantially more of the scaffolding protein than the nontransfected cells, with expression levels comparable to those seen in 24 g of sheep atrial homogenate. For this amount of sheep atrial proteins, ␤-actin immunoreactivity was not detectable at the exposure used for the HEK cell samples. expressed ion channel and any endogenous scaffolding proteins. Although this does not negate the impact of any endogenous scaffolding proteins, it does minimize their impact. The heterologous expression system simplifies the study of individual components of the much more complex macromolecular complexes found in cardiac myocytes. However, it clearly does not reproduce the cellular environment of the cardiac myocyte, and care must be taken in extrapolating data obtained using HEK293 to the native cell environment.
